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Linkage maps constructed from genetic analysis of gene order and crossover frequency provide few clues to the
basis of genomewide distribution of meiotic recombination, such as chromosome structure, that influences meiotic
recombination. To bridge this gap, we have generated the first cytological recombination map that identifies in-
dividual autosomes in the male mouse. We prepared meiotic chromosome (synaptonemal complex [SC]) spreads
from 110 mouse spermatocytes, identified each autosome by multicolor fluorescence in situ hybridization of chro-
mosome-specific DNA libraries, and mapped 12,000 sites of recombination along individual autosomes, using
immunolocalization of MLH1, a mismatch repair protein that marks crossover sites. We show that SC length is
strongly correlated with crossover frequency and distribution. Although the length of most SCs corresponds to that
predicted from their mitotic chromosome length rank, several SCs are longer or shorter than expected, with cor-
responding increases and decreases in MLH1 frequency. Although all bivalents share certain general recombination
features, such as few crossovers near the centromeres and a high rate of distal recombination, individual bivalents
have unique patterns of crossover distribution along their length. In addition to SC length, other, as-yet-unidentified,
factors influence crossover distribution leading to hot regions on individual chromosomes, with recombination
frequencies as much as six times higher than average, as well as cold spots with no recombination. By reprobing
the SC spreads with genetically mapped BACs, we demonstrate a robust strategy for integrating genetic linkage
and physical contig maps with mitotic and meiotic chromosome structure.
Introduction
Reciprocal recombination (crossing over) leads to chi-
asma formation during meiotic prophase and is crucial
both mechanistically and genetically. Mechanistically,
crossovers are converted into chiasmata that are nec-
essary to hold homologues together and to assure their
proper disjunction at anaphase I. Failure to do so results
in nondisjunction and aneuploid progeny. Genetically,
crossovers reshuffle the genes on the two homologues,
a result that provides—along with mutations—genetic
diversity, the fodder of selection and evolution. Recom-
bination has been studied genetically and cytologically,
with each method having advantages and disadvantages
(Hassold et al. 2000). Genetic linkage studies allow
genes to be ordered along chromosomes and can gen-
erate highly accurate information on genetic distance
between markers. Typically, linkage analyses quantify
recombination between only a few marker genes, but,
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more recently, studies have been performed that measure
genomewide recombination (Broman and Weber 1999,
2000; Broman et al. 2002; Kong et al. 2002). However,
linkage studies require well-characterized, polymorphic
markers, so global linkage analysis is severely restricted
when the objective is to examine recombination in in-
bred species, such as laboratory mice. On the other hand,
cytological mapping of the numbers and positions of
chiasmata along bivalents provides estimates of the
global rate of recombination as well as revealing general
patterns of crossing over on bivalents (Lawrie et al.
1995). However, in many mammals, chiasma mapping
is difficult because diakinesis–metaphase I chromosomes
are relatively condensed, making it difficult to identify
individual bivalents or to estimate the physical distance
between chiasmata on the same chromosome with any
level of precision (e.g., Stack et al. 1989; Hassold et al.
2000).
Recently, an alternate approach for cytological cross-
over mapping in mammals has been developed that uses
fluorescent antibody localization (FAL) of MLH1 pro-
tein on spreads of meiotic prophase chromosomes (bi-
valents) from spermatocytes (Anderson et al. 1999).
MLH1 is a mismatch repair protein that is necessary
for crossing over in mice and yeast (Baker et al. 1996;
Hunter and Borts 1997). Evidence that MLH1 is in-
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Table 1
Labeling Scheme for Whole-Chromosome Libraries
POOL AND
STAIN
CHROMOSOME
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
1:
FITC X X X X X
Cy5 X X X X X
TAMRA X X X X X
2:
FITC X X X X
Cy5 X X X X
TAMRA X X X X
volved in mammalian reciprocal recombination includes
the following (Baker et al. 1996): (1) MLH1 localizes
on the XY in the pseudoautosomal region of mouse
spermatocytes. (2) Differences in frequency and distri-
bution of MLH1 localization in spermatocytes versus
oocytes reflect the known differences in recombination
between male and female animals. (3) Although MLH1
disappears in late pachynema in males, in females it
remains until diplonema occurs, and then it localizes to
sites of chiasmata. (4) The patterns of MLH1 foci are
consistent with positive genetic interference (Anderson
et al. 1999). Although synapsis inMlh1/mice appears
normal, homologues fall apart later, indicating they are
achiasmatic as they enter diplonema (Baker et al. 1996).
Combined with an antibody against SCP3, a protein
component of the lateral elements of the synaptonemal
complex (SC) that forms between bivalents during pa-
chynema, an antibody raised against MLH1 has been
used to determine the total number of crossover events
per nucleus in species as diverse as mice, humans, and
chickens (Baker et al. 1996; Barlow and Hulte´n 1998;
Anderson et al. 1999; Pigozzi 2001; Lynn et al. 2002;
Koehler et al. 2002; Tease et al. 2002). In addition,
MLH1 foci have been used to map sites of recombi-
nation along SCs in meiotic prophase (Anderson et al.
1999). This technique provides higher resolution maps
than does chiasma mapping. However, MLH1mapping
can be applied to individual chromosomes only when
the bivalent can be distinguished. In various species,
some—but not necessarily all—individual pachytene bi-
valents (SCs) can be identified, simply on the basis of
their relative length and arm ratio, for example: humans
(Solari 1980), tomatoes (Sherman and Stack 1995), and
chickens (Pigozzi 2001). However, this approach is im-
possible in other species, such as the important mam-
malian model, the domestic mouse Mus musculus, in
which the chromosomes are all acrocentric and show a
continual gradation in size. This limitation can now be
overcome by combining MLH1 immunolocalization
with FISH of chromosome-specific sequences, a pro-
cedure applied to great effect to identify certain biva-
lents in SC spreads from human spermatocytes (Lynn
et al. 2002) and oocytes (Tease et al. 2002). Heng et
al. (2001) have demonstrated the feasibility of the iden-
tification of individual mouse bivalents in meiotic
prophase.
Here, we have prepared detailed MLH1 recombina-
tion maps for all 19 autosomal bivalents of the mouse,
using multicolor FISH (mFISH) of chromosome-specific
DNA libraries to identify each bivalent. In addition, we
have localized several genetically mapped mouse BACs
to SCs, using mFISH spreads, thereby demonstrating a
way of integrating the cytological (MLH1) recombi-
nation maps with genetic and physical maps. These
MLH1 maps represent an important step toward inter-
preting meiotic recombination within the context of
chromosome structure. In addition, this work demon-
strates that the rapid integration of the genetic and cy-
tological (MLH1) recombination maps in mouse and
other species is a realistic goal.
Material and Methods
SC Spreads and Immunostaining
Three juvenile (20–21 d old) C57BL/6J mice (the same
line analyzed by the Mouse Genome Sequencing Project)
were used to prepare and immunolabel the SC spreads,
as described elsewhere (Anderson et al. 1999). Complete
sets of SCs in which the SCs were well separated but
not obviously stretched or broken and that had 19
MLH1 foci were selected for analysis. Three fluorescent
images (4′, 6-diamino-2-phyenylindole [DAPI], SCP3,
and MLH1) were captured for each SC set.
mFISH
After image acquisition of the immunofluorescence sig-
nals, the spermatocyte preparations were subjected to two
or three rounds of denaturation and FISH. To identify
each autosome, chromosome-specific painting probes
(Rabbitts et al. 1995) were combinatorially labeled with
fluorescein isothiocyanate (FITC)–2′-deoxyuridine 5′-tri-
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phosphate (dUTP), Cy5-dUTP (both fromAmersham), or
6-carboxytetramethylrhodamine (TAMRA)-dUTP (Ap-
plied Biosystems) and were combined to form two dif-
ferent probe pools (table 1). The probeswere fluorescently
labeled by the incorporation of FITC-dUTP, Cy5-dUTP
(both from Amersham), or TAMRA-dUTP (Applied Bios-
ystems) during the PCR reaction. For labeling, the 2′-
deoxythymidine 5′-triphosphate (dTTP) concentration in
the PCR reaction mixture was reduced to 120 mM (2′-
deoxyadenosine 5′-triphosphate [dATP], 2′-deoxycytidine
5′-triphosphate [dCTP], and 2′-deoxyguanosine 5′-tri-
phosphate [dGTP] 160 mMeach), and either 30 mMFITC-
dUTP, 30 mM Cy5-dUTP (both from Amersham), or 10
mMTAMRA-dUTP was added. The painting probes were
precipitated together with 20 mg of mouse Cot-1 DNA
(Invitrogen/Life Technologies) and were dissolved in 15
ml of hybridization solution (50% formamide; 2# sodium
saline citrate (SSC), pH 7.0; and 10% dextran sulfate).
Five genetically mapped BAC clones (Osoegawa et al.
2000; Genetic and Physical Maps of the Mouse Chro-
mosome Web site; Roswell Park Mouse Screening Pro-
ject Web site) were hybridized to SC spreads in a third
round of FISH, after chromosomes were identified using
the two chromosome-painting hybridizations described
above. The BAC DNA was labeled by nick translation
with Cy5-dUTP (Invitrogen/Life Technologies). For each
BAC, 400 ng of labeled DNA and 4 mg of mouse Cot-
1 DNA were precipitated together and dissolved in 15
ml of hybridization solution. The BACs were mapped to
mitotic metaphase chromosomes, using the same hy-
bridization solutions and standard procedures.
To allow FAL analysis and sequential hybridizations
on the same nuclei, the FISH protocol (Muller et al.
2002) was modified as follows: After imaging the an-
tibody-labeled cells, the antifade solution was removed
by washing the slides twice in 4# SCC/0.1% Tween-20
at 37C for 15 min, and the slides were dehydrated in
an alcohol series. The first round of denaturation was
7 min, and in situ hybridization was performed for 48
h at 37C. After separate image acquisition of the three
different colors of FISH signals, the next round of FISH
(including antifade removal, dehydration, denaturation,
and hybridization) was performed, as described above,
except that the denaturation time was reduced to 2 min.
Fluorescence Microscopy, Image Acquisition,
and Analysis
The location of each imaged, immunolabeled SC
spread was recorded using a software-controlled auto-
matic stage (Maerzhaeuser) so that it could be accurately
relocated on the slide for mFISH. Digital images were
obtained using a cooled CCD camera, Quantix series
(Photometrics), coupled to a Zeiss Axioplan II micro-
scope. Each color signal was acquired as a black-and-
white image, using appropriate filter sets (Chroma Tech-
nologies), and was merged with SmartCaptureVP
software (DigitalScientific).
Analysis of MLH1 Distribution on SCs
After the identity of each bivalent was determined by
use of mFISH, the images of the corresponding SC spreads
were analyzed for MLH1 distribution. For each SC, the
position of each MLH1 focus was recorded as a relative
distance (percentage of total length) from the centromere,
using MicroMeasure (Reeves 2001). The centromeric end
of each SC was identified by the surroundingDAPI-bright
AT-rich heterochromatin. MLH1 foci were mapped if the
MLH1 and SCP3 signals overlapped. A total of 110 sets
were analyzed, and 70 SCs (3% of the total of 2,090
autosomal SCs) were eliminated from the analysis because
of SC overlap near an MLH1 focus, possible SC stretch-
ing, or inconclusive FISH identification. To obtain an av-
erage absolute length for each identified SC, the average
relative length of each SCwas determined, thenmultiplied
by the average absolute length of a complete set of mouse
SCs (164.5 mmp 163.7 0.995, to correct for rounding
errors) (table 2) (Anderson et al. 1999). The relative po-
sition of each focuswasmultiplied by the average absolute
length for the appropriate SC to obtain the absolute (mi-
crometer) position of each focus. The data for each of the
autosomal SCs were pooled and graphed in histogram
form to demonstrate the pattern of MLH1 distribution
for each SC. The 0.2-mm intervals used for graphing cor-
respond to ∼3.44 Mb of DNA (calculated from the size,
in megabases, of the autosomal fraction of the mouse
genome;National Center for Biotechnology Information).
The interference distance between two foci on the
same SC was calculated as a percentage of the euchro-
matic length of the SC, as described by Anderson et al.
(1999). To convert MLH1 foci to distances in centi-
morgans, the number of MLH1 foci in each 0.2-mm SC
interval was divided by the total number of SCs ob-
served, then multiplied by 50 map units perMLH1 focus
(one crossover p 50 cM).
The average number of MLH1 foci per 0.2-mm inter-
val was determined for each autosomal SC in our sam-
ple. For the larger SCs, the average was about three; for
the shorter SCs this number was slightly higher. To iden-
tify potential “hot” and “cold” regions of recombina-
tion, we added or subtracted one focus to identify
regions of high (14 for longer SCs, as high as 6 for the
shorter SCs) and low (!2 for longer SCs and !4 for
shorter SCs) recombination frequency, respectively.
Results
Identification of Autosomal SCs by mFISH
We used chromosome-specific probes (whole-chro-
mosome libraries) labeled with FITC, Cy5, and/or
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TAMRA (as described in table 1) and two sequential
hybridization steps to identify each SC (fig. 1). The SC
number in figure 1E corresponds to the designated mi-
totic chromosome number. Three-color labeling allows
identification of seven chromosomes at a time. To limit
the sequential hybridizations to two rather than three
rounds of hybridization, three pairs of chromosomes (1
and 17, 2 and 15, and 4 and 16) in pool 1 were labeled
with the same color combination. In addition, chro-
mosomes 3 and 18 were not labeled in either pool. These
pairs were chosen because they could be discriminated
from one another on the basis of significant length dif-
ferences. This approach was validated by a third round
of hybridization, using BACs that had been genetically
mapped to chromosomes 3 and 4. In each case, the BACs
hybridized to the longer of the two identically labeled
chromosomes. Because FISH procedures interfere with
immunolabeling, SC spreads were first immunolabeled
with MLH1 and SCP3, and suitable spreads were pho-
tographed prior to mFISH (fig. 1A). The DAPI staining
of the chromatin, as well as the retention of some SCP3
signal after mFISH, facilitated relocation of the sper-
matocytes and allowed precise alignment of the FISH/
FAL images.
By splitting the probe set into two pools and leaving
two chromosomes unlabeled, we significantly increased
the signal-to-noise ratio and enhanced the contrast of
the diffuse chromatin of the spread pachytene nuclei.
The two-probe–set pool protocol also allowed us to de-
tect nonspecific hybridization signals, since the same bi-
valent should not be labeled in both hybridizations. As
mentioned above, we were able to reprobe the prepa-
rations a third time with BACs, with only minor deg-
radation in signal quality.
Correspondence between Mitotic and Pachytene
Chromosome (SC) Lengths
Mouse autosomes are numbered according to their
mitotic lengths, from the longest chromosome, 1, to the
shortest chromosome, 19 (Evans 1996). We found a
good correspondence between the average relative
lengths (percentage of total autosomal length) for SCs
individually identified by mFISH, compared with the av-
erage relative lengths for mitotic chromosomes (table 2).
A regression of these two values reveals a high r2 value,
a slope near one, and an intercept near zero, as would
be expected if the relative length of the autosomal chro-
mosomes remains the same (or nearly so) in both mitotic
and pachytene chromosomes ( ; 2yp 1.02x 0.11 r p
). However, a few SCs are noticeably longer or0.86
shorter than would be expected on the basis of their
relative mitotic lengths. The most extreme differences in
relative lengths were recorded for chromosomes 5, 7,
and 11, where the SCs are 10%–20% longer than their
mitotic counterparts, and for chromosomes 3, 16, and
18, where the SCs were 10%–14% shorter than their
mitotic counterparts (table 2).
Number of MLH1 Foci on Autosomal SCs
Because the average number of MLH1 foci per bi-
valent was not significantly different for the three mice
used in the present study ( ), data on number andPp .49
position of foci for each autosomal SC were pooled (ta-
ble 2). As expected on the basis of previous studies (e.g.,
Anderson et al. 1999), longer SCs average more MLH1
foci than do shorter SCs. Indeed, there is an excellent
relationship between average SC length and average
number of MLH1 foci per SC for the longer (6.9 mm)
SCs (fig. 2; ; ), with average2yp 0.10x 0.30 r p 0.96
SC length accounting for 96% of the variation in the
average number of MLH1 foci. However, this relation-
ship does not hold for the three shortest SCs (16, 18,
and 19) that average one MLH1 focus per bivalent
rather than the expected frequency of less than one per
bivalent. Thus, for SCs shorter than ∼6 mm, the require-
ment for one crossover per bivalent (necessary to assure
disjunction) “trumps” the relationship between SC
length and foci number.
Because only two of the four chromatids are involved,
each crossover, visualized as a MLH1 focus, is measured
as 50% recombination, which translates to a 50-cMmap
distance. The genetic length of each SC, determined on
the basis of the number of MLH1 foci, is presented in
table 2. Our estimate for the total autosomal map length
for the C57/BL6 male mouse is 1,145.4 cM. For the
complete male genome, 50 cM must be added for the
obligate crossover on the XY pair, giving a total map
length of 1,195.4 cM.
Unlike Lynn et al. (2002), we did not observe a strong
relationship between the total SC length for complete
sets of autosomes and the total number of MLH1 foci
( ; ; ).2np 110 yp 0.013x 20.7 r p 4%
Distribution of MLH1 Foci on FISH-Identified SCs
Distributions of MLH1 foci on each SC are presented
in figure 3, in order of their average SC length (long to
short). The graphs are all in the same orientation, with
the centromeric end presented on the left and the distal
end on the right. For each SC, the cumulative distri-
bution of all foci is presented, along with the MLH1
distributions for SCs displaying one focus and distri-
butions for SCs with two foci. No more than two foci
were observed on any single SC. Superimposed over each
histogram of total foci is a Lowess line that uses a math-
ematical function (Cleveland 1979) to smooth the data.
Although this procedure effectively minimizes variation
due to sampling error, it also minimizes natural variation
(e.g., the high level of MLH1 foci near distal ends for
Figure 1 Immunostaining and FISH signals of the same spermatocyte nucleus in subsequent experiments. The arrowhead identifies SC4
in all images. a, Fluorescent antibody localization of anti-SCP3 antibodies (red) and anti-MLH1-antibodies (green). The chromatin is counter-
stained with DAPI (blue), with the AT-rich centromeric ends staining more intensely. b, Chromosome painting with pool 1 plus DAPI. c, pool
1 without DAPI. d, pool 2 without DAPI. e, Identification of SCs on the basis of the paint signals with the SC and DAPI signals displayed in
an inverted black-and-white image and with the centromeric end of each SC identified by the intense (dark) DAPI staining. f, FISH signals of
two BACs: RPCI23 7-J-10, and RPCI23 219-G-3 hybridizing to the chromatin of bivalent 4 (arrow). The inset shows the mapping of the same
BACs to a mitotic chromosome 4.
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Figure 2 Relationship between average SC length (mm) and the
average number of MLH1 foci on mouse SCs.
Table 3
Distance between Two Foci on the Same SC
CHROMOSOME
(NO. OF SCS OBSERVED)
MEAN DISTANCE
BETWEEN FOCI (SD)
% Euchromatic SCa Micrometersb
1 (55) 68.6 (12.5) 7.5 (1.4)
2 (57) 68.7 (16.4) 7.6 (1.8)
3 (28) 77.4 (14.3) 6.5 (1.2)
4 (44) 72.9 (18.1) 6.9 (1.7)
5 (45) 70.3 (12.6) 7.1 (1.3)
6 (21) 73.4 (14.7) 5.7 (1.1)
7 (38) 63.2 (18.8) 5.9 (1.8)
8 (24) 72.3 (15.5) 5.7 (1.2)
9 (13) 71.9 (19.3) 5.7 (1.6)
10 (26) 72.5 (16.3) 5.6 (1.3)
11 (41) 70.9 (15.2) 6.4 (1.4)
12 (11) 66.9 (24.8) 4.4 (1.6)
13 (5) 76.0 (17.4) 4.8 (1.1)
14 (8) 84.4 (13.5) 5.3 (.9)
15 (1) 81.0 4.8
16 (3) 82.3 (15.3) 3.2 (.8)
17 (3) 82.3 (15.3) 4.9 (.9)
18 (4) 79.8 (19.1) 3.8 (.9)
19 (1) 90.0 3.4
a Average relative distances between two foci for SCs 1–12 that
have 110 observations each are not significantly different from one
another, by ANOVA test ( ).Pp .09
b Significantly different, by ANOVA test ( ).P ! .001
almost all SCs). Nevertheless, the smoothing lines pro-
vide an easy way to compare the distribution of MLH1
foci among the various mouse SCs.
For all SCs, there is severe repression of MLH1 foci
within ∼0.5–1 mm of the centromere, a region that cor-
responds to the large block of centromeric heterochro-
matin found on each mouse autosome (Evans 1989; An-
derson et al. 1999). In contrast, there are many MLH1
foci near, but not necessarily at, the distal ends for all
SCs (fig. 3). Despite the generally high level of recom-
bination near distal ends, high peaks of recombination
in the terminal 0.2-mm segment are most pronounced
for the shorter SCs. For longer SCs, the terminal 0.2-
mm segment has levels of crossing over that are about
average (or lower than average for SCs 1, 5, and 7) for
the SC as a whole (fig. 3). These general characteristics
were noted in the first study on MLH1 localization in
mouse spermatocytes (Baker et al. 1996) and have been
confirmed in subsequent reports (Barlow and Hulte´n
1998; Anderson et al. 1999).
SC length is related not only to the average number
of MLH1 foci but also to the distribution of foci (fig.
3). The six longest SCs (1, 2, 4, 5, 7, and 11) have the
highest average number of MLH1 foci per SC (1.36;
table 2) and often have two foci. The distribution of
these double foci tends to be bimodal, with one major
peak near the distal end and the other peak (or some-
times two smaller peaks) nearer the centromere, whereas
the distributions of single MLH1 foci are spread over a
relatively broad plateau, and they “fill in” the gap lo-
cated between the two peaks of double foci. Conse-
quently, one of the two foci on doubles is usually located
nearer the centromere than are singles in the one-focus
group. In addition to the general patterns that are char-
acteristic of the long SCs, distinctive patterns are also
exhibited by bivalents. For example, SC 2 has a broad,
low-frequency distribution of single MLH1 foci,
whereas other members of this group (e.g., SCs 1 and
4) have more-prominent peaks of single MLH1 inter-
stitial foci. It is noteworthy that SC 11, ranked sixth
longest, has anMLH1 frequency and focal patternmuch
more characteristic of the long SCs than of the midlength
cohort with which it would be placed on the basis of
mitotic chromosome rank (fig. 3; table 2).
The midlength SCs (3, 6, 8, 9, 10, and 12; table 2)
average 1.1–1.3 foci per SC, reflecting the decrease in
bivalents with two foci. When present, the two foci ex-
hibit a stronger bimodal distribution than do the foci of
longer SCs. Although the single foci are more dispersed
along the entire length of these SCs than they are in the
longer group, the distribution tends toward bimodality.
The proportion of foci near the centromeric heterochro-
matin is again higher for double than for single foci.
Notice that SC 3 is ranked seventh longest of the au-
tosomal SCs, and the distribution of MLH1 foci is typ-
ical of midlength SCs, not the longer SCs, as would be
expected on the basis of mitotic metaphase rank.
The shortest SCs (13–19) have 1.1 MLH1 foci per
SC (table 2). These SCs rarely have two foci, but when
they do, one focus is usually very proximal and one very
distal. Interestingly, the distribution of single foci is bi-
modal for SCs 13, 15, 16, 17, and 19 but is more uni-
modal for SCs 14 and 18. For all of these short SCs,
single foci may occur almost anywhere along their entire
length, although they appear most frequently near the
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Figure 3 Distribution of MLH1 foci along individual SCs. The X-axis represents the positions on the SCs from the centromeric end (left)
to the distal telomere (right). The Y-axis indicates the frequency of MLH1 foci in each 0.2-mm interval. For each SC, three histograms are
presented in a gray box. In order from top to bottom, the histograms show the results for SCs displaying a single MLH1 focus, SCs displaying
two MLH1 foci, and the overall frequencies. The histograms of overall frequencies contain a smoothing curve (Lowess line), as well as thresholds
indicating significantly increased or decreased recombination frequencies (dotted lines). The graphs are ordered from top to bottom, according
to the SC length.
1362 Am. J. Hum. Genet. 71:1353–1368, 2002
distal ends. SC 19 is an extreme example, in which 41%
of all the foci are observed within the distal 10% (!0.5
mm) of the bivalent. These small bivalents best demon-
strate the uniqueness of specific bivalents with respect
to MLH1 patterns. For example, SC 18 has the most
interstitial “distal” peak in the complement and has no
prominent proximal peak. In contrast, SC 19 has a dis-
tinct proximal peak as well as a prominent distal peak.
SC 17 has an interstitial distal peak that is more prom-
inent than the actual distal peak, whereas the interstitial
distribution of MLH1 foci for bivalent SC 16 is a fairly
constant plateau.
As noted above, the relative length of some SCs is
noticeably different from their relative mitotic chro-
mosome length, and this difference is reflected in the
average number of MLH1 foci for the bivalent. For ex-
ample, SC 11 is 20% longer than its relative mitotic
chromosome length, and the recombination rate is sig-
nificantly higher (18%) than the average for mitotic
chromosomes of similar size. Thus, the increased cross-
over rate, as measured by the frequency of MLH1 foci,
corresponds very well with the increased relative length
of the corresponding SC. A similar, but opposite, situ-
ation is observed for SCs 1, 3, 6, and 12, in which the
relative SC lengths are shorter than those ofmitotic chro-
mosomes and in which the frequency of MLH1 foci is
also reduced (table 2). Although chromosome length has
long been recognized as an important determinant of
recombination frequency (Mather 1937), “length” can
be measured in a number of ways: genetic map length
(centimorgans), DNA content (megabases), mitotic met-
aphase length (micrometers), or meiotic (SC) length (mi-
crometers). Estimates of MLH1 (crossover) frequency
are best predicted by SC length ( ), as compared2r p 0.91
with mitotic chromosome length (based on an average
set length of 54.5 mm; ) or chromosome size2r p 0.76
in megabases ( ). Indeed, if one disregards the2r p 0.75
three shortest chromosomes for which the recombina-
tion rate is high due to the obligatory crossover, the
predictive value of SC length for recombination fre-
quency is even higher ( 6), as described above.2r p 0.9
“Hot” and “Cold” Regions of Recombination
For each SC in figure 3, horizontal dashed lines have
been inserted to indicate thresholds for regions of high
and low recombination. We defined the thresholds as
one crossover above or below the average number of
MLH1 foci per 0.2-mm interval for each SC (see “Ma-
terial and Methods” section). Prominent interstitial
peaks that greatly exceed the higher threshold level occur
on SCs 4, 7, 8, 11, and 17, and regions of lower recom-
binational activity are located on SCs 1, 4, 5, 10, and
11. Cold regions without any crossovers were observed
on SCs 4, 5, and 15. Since these regions are flanked by
relatively hot regions, it is likely that these represent true
cold regions and are not simply due to statistical sam-
pling artifacts. According to our maps, the hottest
regions of the male mouse genome are the distal, sub-
telomeric regions of chromosomes 18 and 19 with re-
combination frequencies as much as 6.2-fold higher than
the average.
Crossover Interference
When two foci are present on the same SC, they are
separated by a sizeable proportion of the SC, a result
suggestive of interference between the foci. We limited
our analysis of interference to SCs 1–12 that had 10
observations of SCs with two foci (table 3). Random
placement of two foci on an SC leads to an expected
average separation distance of ∼33% (Carpenter 1988).
The average separation distance between two foci on
SCs 1–12 was more than twice that distance (∼70%),
indicating that MLH1 foci do indeed demonstrate pos-
itive interference. Interestingly, although the average ab-
solute separation distance is significantly different for
SCs of different lengths ( ), ranging from 4.4 mmP ! .001
for SC 12 to 7.6 mm for SC 2, the average relative sep-
aration distance (as a percentage of euchromatic arm
length) is not significantly different between these SCs
(average for SCs 1–12p 70%; ANOVA, ). ThePp .09
minimum separation distance between two MLH1 foci
was observed for SC 7, and the two foci were only 0.34
mm (∼5 Mb) apart. However, this close proximity was
rare, with separations of several microns being more
common. These results are similar to those previously
reported for mice (Anderson et al. 1999) and organisms
as taxonomically diverse as tomatoes and birds (Sher-
man and Stack 1995; Pigozzi and Solari 1999; Pigozzi
2001).
Use of BACS to Anchor the Maps
We determined the location of five genetically mapped
BAC clones that were used as FISH probes on spread
SCs and on mitotic metaphase chromosomes. Unlike the
dotlike hybridization pattern of BACs on mitotic chro-
mosomes (fig. 1F [insert]), the BACs that were hybrid-
ized to SC spreads produced fine threadlike signals, orig-
inating from the SC and extending approximately
perpendicularly to the SC in both directions (fig. 1F).
Because we observed only two threadlike signals per SC,
the BAC signals most likely represent homologous chro-
matin loops in which the sister chromatids have not
separated. These signals could be mapped quite accurate
ly, since the loops were attached at their bases to the
SC. The mapping precision is reflected in the lower stan-
dard deviations of the measurements of BAC signals on
SCs compared with those onmitotic chromosomes (table
4). The relative positions of the BACs on SCs compared
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Table 4
Position of Five Genetically Mapped BACs on Mitotic Compared with Meiotic (SCs) Chromosomes and the Predicted Linkage
Map Assignment of the BACs on the Basis of their Position on SCs
BAC/GENETIC MARKER CHROMOSOME
% RELATIVE POSITION (SD)a
LINKAGE MAP POSITION
(CM FROM CENTROMERE)
SC Bivalent Mitotic Chromosome Genetic Map Cytogenetic (MLH1) Mapb
148-K-05/X97281 3 41 (2) 47 (3) 25 26
173-A-23/X91825 3 62 (2) 63 (5) 34 32
185-B-08/X58636 3 81 88 (1) 45 41
7-J-10/MT3489 4 27 (3) 38 (3) 23 15
219-G-3/MT2557 4 74 (3) 85 (4) 59 48
NOTE.—The genetically characterized BAC information is from the Roswell Park Mouse Screening Project Web site. Linked
genetic markers and centiMorgan locations are from the Genetic and Physical Maps of the Mouse Chromosome Web site.
a Percent length from centromere ( for all BACs except 185-B-08, in which for SC spreads).np 10 np 1
b BAC position on SC was used to estimate linkage map (cM) position on the basis of MLH1 distribution.
with those on mitotic chromosomes differ by 1%–7%
for SC/chromosome 3 and by 11% for SC/chromosome
4. Thus, the position of a BAC on a mitotic chromosome
does not necessarily match the position of the same BAC
on a meiotic chromosome. Using MLH1 distributions
and the hybridization location for each BAC, we esti-
mated the linkage map position of each BAC (table 4).
The linkage map positions that are estimated using BAC
locations differ from the sex-averaged genetic map (Die-
trich et al. 1996) by 4 cM for SC 3 and by 8–11 cM
for SC 4.
Discussion
We have used chromosome-specific FISH probes to iden-
tify individual meiotic bivalents (fig. 1; table 1) and to
generate MLH1 (recombination) maps for each male
mouse autosome (fig. 3). The utility of such maps de-
pends on our ability to unequivocally identify each bi-
valent in a chromosome spread and on the suitability of
MLH1 foci as indicators of meiotic recombination. In
the first instance, the chromosome-specific FISH probes
that we used were the same as those used by Rabbitts
et al. (1995), who verified their specificity by use of
chromosome banding and Robertsonian translocations.
Only spreads in which all chromosomes could be un-
ambiguously identified by FISH were used to prepare
the MLH1 cytological maps. Poor spreads (by either
FISH or MLH1 labeling criteria) were not used to gen-
erate the recombination map. Because it is unlikely that
such cells have distinctly different recombination pat-
terns, there is no reason to presume that their exclusion
should have any impact on the MLH1 recombination
maps presented here. In the second instance, prior anal-
ysis of MLH1 protein in mammals and yeast indicates
that it marks crossover sites (Baker et al. 1996; Hunter
and Borts 1997; Barlow and Hulten 1998; Anderson et
al. 1999; Lynn et al. 2002; Tease et al. 2002), and our
results regarding the frequency and distribution of
MLH1 foci, as well as interference between two foci on
the same SC, reinforce this conclusion. In addition, our
estimated total map length of 1,195.4 cM for male mice
is in good agreement with the estimated 1163.5-cMmap
based on chiasma counts for mouse spermatocytes (Law-
rie et al. 1995). Both cytological maps are somewhat
shorter than two genetic linkage maps based on molec-
ular markers (1,361.2 cM [Dietrich et al. 1996] and
1,530 cM [Blake et al. 2002]). Although the overall cor-
respondence of the cytological and linkage map lengths
is good, the differences can be much greater when in-
dividual chromosomes are compared (see Kong et al.
[2002] for discussion). These discrepancies could be due
to a number of factors. One possibility is that the number
of MLH1 foci is underestimated. Such underestimates
would arise if some MLH1 protein was lost during the
spreading procedure or was not accessible to antibodies,
or if nuclei were selected in which the process involving
MLH1was just beginning or concluding and this process
was asynchronous within the nucleus. However, it seems
unlikely that these events, if they occurred at all, have
significantly affected the map length, because theMLH1
map is actually longer than that predicted on the basis
of chiasma counts (probably because two close cross-
overs are easier to detect as separate MLH1 foci than
as two distinct chiasmata). The other alternative is that
the genetic linkage maps are overestimating the amount
of recombination. It is well known that errors in marker
order can significantly inflate the size of the genetic link-
age map (Lincoln and Lander 1992; Lynn et al. 2000;
King et al. 2002; Kong et al. 2002;). In addition, genetic
linkage maps in mice are sex averaged, and females have
higher recombination rates than males (Dietrich et al.
1996; Broman et al. 2002). To obtain enough poly-
morphisms for mapping, linkage maps often utilize hy-
brids derived from crosses, between different inbred
strains or between different subspecies of mice, that may
also inflate crossing-over frequency in comparison with
the inbred line that we assayed. Given that King et al.
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(2002) demonstrated a 1:1 correspondence between chi-
asmata and molecular linkage maps when the same plant
population was used for both assays, it seemsmost likely
that differences in techniques and assay populations ac-
count for much of the difference in the mouse cytological
and linkage maps.
MLH1 recombination studies similar to ours have
been reported recently for humans in which one or two,
but not all, meiotic chromosomes were identified using
chromosome-specific FISH probes (Lynn et al. 2002;
Tease et al. 2002). Here, we have extended this ap-
proach to map recombination on each individually iden-
tified autosome from themalemouse. Earlier cytological
studies of recombination in male mice (Lawrie et al.
1995; Anderson et al. 1999) were not able to unequiv-
ocally identify individual autosomes. In spite of this
limitation, both of these earlier studies demonstrated a
general dependence of crossing over on meiotic chro-
mosome length and showed that certain recombination
traits are common to all autosomal bivalents in mouse
spermatocytes. These features include a high level of
distal recombination (commonly observed inmanymale
eutherian mammals) and a deficit of recombination near
the centromeres (probably due, in large part, to the pres-
ence of pericentric heterochromatin) (Stack 1984; John
and King 1985). Our results verify the findings from
these and other earlier studies (Nachman and Chur-
chhill 1996). In addition, we show that each chromo-
some has a distinct MLH1 distribution pattern (fig. 3).
What factors might account for these distinct crossover
patterns?
One major influence on the frequency and distribu-
tion of MLH1 foci is SC length (fig. 2; fig. 3). We found
that, among three different measures of bivalent size,
SC length is by far the best predictor of recombination
rate and is superior, in this regard, to amount of DNA
(megabases) or mitotic length (micrometers). This result
accords well with the recent work of Lynn et al. (2002).
Comparing two pairs of human bivalents that differed
either in genetic (centimorgans) or physical (megabases)
length, they showed that SC length was more closely
correlated with genetic rather than with physical length.
In addition, they reported a good correspondence be-
tween total SC length and the total number of MLH1
foci in complete sets from human males as well as from
male and female mice (Lynn et al. 2002). In contrast,
we did not observe such a relationship for the three
male mice we examined. However, in many mammalian
species, including mice, overall autosomal SC lengths
decrease during pachytene (Moses et al. 1977), poten-
tially obscuring any relationship between total MLH1
foci numbers and total SC set length. Any change in
absolute SC length would be predicted to have little, if
any, effect on our MLH1 mapping results, because rel-
ative SC lengths within a nucleus are maintained
throughout pachytene (Moses et al. 1977 and results of
the present study). The high reproducibility and small
standard deviation we observed in the BAC localizations
also indicate that relative length positions of SCs are
maintained during pachynema.
In general, we found SC length to be well correlated
with mitotic length when chromosomes are compared
on a relative (percentage of total SC or chromosome
length) basis (table 2). However, certain SCs were no-
tably longer (5, 7, and 11) or shorter (3, 16, and 18)
than would be predicted on the basis of their relative
mitotic positions. Discrepancies between the meiotic
and mitotic mouse karyotypes have also been reported
by Heng et al. (2001). Observations of such deviations
are not new. For example, Luciani et al. (1975) com-
pared mitotic and meiotic chromosomes from humans
and found that certain bivalents (16, 17, and 19) that
have few chromomeres (G bands) were longer than
other bivalents in the complement. Using amicrospread-
ing technique similar to that used in the present study,
Solari (1980) found that these same human bivalents in
spermatocytes had significantly higher relative lengths
at meiosis than at mitosis, strongly suggesting that their
shift in relative length is a general property of these
prophase chromosomes and not a fixation artifact. Sim-
ilar changes in relative meiotic versus mitotic chromo-
some lengths have been noted for individual chromo-
somes in other mammalian species, including the
Chinese hamster (Pathak et al. 1976;Moses et al. 1977),
and studies in mice and/or humans have shown that R-
band chromatin is overrepresented in SC length com-
pared with G-band chromatin and heterochromatin
(Luciani et al. 1975, 1988; Solari 1980; Stack 1984;
Holmquist 1992). Consistent with these conclusions,
the differences in BAC locations on mitotic and meiotic
chromosomes in the present study also indicate that
chromatin is differentially packaged inmeiotic prophase
compared with mitotic metaphase chromosomes. Al-
though it remains to be determined whether the final
condensation of meiotic chromosomes during diplo-
nema and diakinesis results in a restoration of mitotic
metaphase ranking, the observation of a similar ranking
of the mouse X chromosome in female mitotic and mei-
otic metaphase (Hulte´n et al. 1995) suggests that this
is likely to be the case.
Other studies indicate that recombination occurs
preferentially in R bands that are characterized by a
higher density of genes and less chromatin compaction
than are found in G bands (for discussion, see Holm-
quist 1992). More recently, Kong et al. (2002) have
observed that the intensity of G-band staining is in-
versely related to recombination rate in humans. On the
basis of these findings, we would predict that chro-
mosomes with higher fractions of R bands would have
longer SCs and higher levels of recombination than
Froenicke et al.: Male Mouse Autosomal Recombination Maps 1365
would be expected simply on the basis of their relative
mitotic length. Indeed, we observed that mouse SC11
follows this pattern. It has the highest fraction of R
bands (57%) of all mouse chromosomes, shows the
greatest difference between its observed and expected
SC length, and has a high rate of recombination com-
pared with other meiotic chromosomes of similar size
(table 2). In contrast, an SC with a high fraction of G
bands (such as chromosome 6, which has the highest
fraction of G bands of all mouse chromosomes) would
be expected to have a relatively short SC and a lower
rate of recombination, as we observed for SC 6 (table
2). Since R bands are “gene rich” compared with G
bands, these observations are also consistent with stud-
ies in yeast that have found that recombination is pref-
erentially initiated in promoter regions (Nicolas 1998)
and within chromatin with a more open chromatin con-
figuration (Wu and Lichten 1994, 1995). Thus, differ-
ences in proportion of R-band chromatin and G-band
chromatin content may account for some, if not all, of
the differences in overall recombination rate as well as
the unique recombination patterns that we note among
bivalents.
Given the preceding considerations, we had expected
to detect similarities between the MLH1 crossover map
distributions and the R-banding patterns of mitotic
chromosomes (Evans 1996). However, most likely be-
cause of the differential contribution of R-band and G-
band chromatin to SC length, we did not observe such
a correlation, with one possible exception. Although
recombination is high “near” chromosome ends, we
find that the “near terminal” MLH1 peak may occur
in any of the last four 0.2-mm intervals (fig. 3). Com-
bining this observation with the likely preference for
recombination in R-band chromatin (Holmquist 1992),
one can predict that those bivalents with terminal R
bands will have extreme distalMLH1 peaks. Fivemouse
chromosomes (4, 7, 11, 14, and 16) have terminal R
bands, and two of these (11 and 16) have the distal
MLH1 peak in the terminal 0.2-mm interval, with the
others having peaks in the penultimate (subterminal)
0.2-mm interval. However,MLH1 also peaks in themost
terminal 0.2-mm interval of two other bivalents (9 and
15) that do not have a terminal R band, suggesting that
another unidentified factor may exert a powerful influ-
ence on near-terminal recombination. It is also worth
noting that the presence of several large G bands in the
distal third of short chromosomes, such as 14 and 16,
does not seem to significantly depress the genomewide
tendency for distal recombination.
Although it is tempting to use conventional termi-
nology and to call the peaks and valleys of recombi-
nation in our maps “hot-” and “coldspots,” it is im-
portant to remember that hotspots have usually been
defined genetically and that they span only a few ki-
lobases of DNA (Schneider et al. 2002). In contrast, the
cytological regions we have identified (fig. 3) are chro-
mosomal regions encompassing several megabases. To
emphasize the distinction between these differentially
defined regions, we have retained the term “hotspot”
for genetically defined areas in which the recombination
rate per kilobase is high and have used the term “hot
region” to designate cytological segments in which re-
combination, as measured by MLH1 frequency, is high
along a bivalent. In the case of subtelomeric sequences,
molecularly characterized hotspots of high recombi-
national activity in the human genome (Wintle et al.
1997; Badge et al. 2000) do seem to correspond in in-
tensity to these larger cytologically defined hot regions.
According to our maps, the hottest regions of the male
mouse genome are the subtelomeric regions of chro-
mosomes 18 and 19, with recombination frequencies as
much as 6.2-fold higher than the average and in a range
similar to that of the “hot spot” in the E-beta region
of the mouse histocompatibility antigen region (equiv-
alent to the human MHC locus) characterized by mo-
lecular studies (Lafuse and David 1986; Shenkar et al.
1991).
Another factor that influences MLH1 frequency and
distribution is interference. In a study reported else-
where, we demonstrated that two MLH1 foci on the
same SC show interference, as would be expected if they
mark crossover sites (Anderson et al. 1999). As dis-
cussed above, the average relative separation (interfer-
ence) distance between two foci is ∼70% of the SC
length, even for mouse SCs of different lengths. In com-
parison, interference between two crossovers on SCs of
different lengths is quite variable when considered on
an absolute (micrometer) length scale (table 4). To il-
lustrate this point, consider that one would predict an
average of more than two crossovers for the longest SC
(SC 2), on the basis of the average interference distance
between two foci for shorter bivalents SCs 8–10 (12.1
mm total length for SC 2 divided by the average sepa-
ration distance of ∼5.7 mm for SCs 8–10 p 2.1 cross-
overs per SC 2). In actuality, SC 2 averages only 1.6
MLH1 foci, with an average separation distance of 7.6
mm between two foci. In other words, for a given length
of SC interval (e.g., 6 mm), large chromosomes are less
likely to have double crossovers, and they thus appear
to have higher levels of interference than do smaller
chromosomes. Similar results have been reported for
yeast chromosomes of different sizes when intervals of
the same physical distance (kilobase) were considered
(Kaback et al. 1999). In comparison, Broman et al.
(2002) examined double crossovers on all autosomes in
the male mouse and reported that smaller chromosomes
have higher levels of interference than do larger chro-
mosomes. Like Broman et al. (2002), we did not observe
many double crossovers on short chromosomes (table
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4), but, when we did, the short chromosomes tended to
have two foci separated by a larger percentage of the
chromosome length (but usually a shorter absolute
length) compared with longer chromosomes. These re-
sults demonstrate the difficulty of defining and assessing
interference, and they emphasize the need for more data
to be collected using a variety of techniques. For ex-
ample, we do not yet know the significance of our and
other’s (Sherman and Stack 1995; Pigozzi and Solari
1999) observations that SCs of different lengths have
similar average relative distances between two foci. Not
surprisingly, the mechanism of interference is far from
understood, although current evidence suggests that the
SC is somehow involved (e.g., Roeder 1997; Zickler and
Kleckner 1999).
The tendency toward a bimodal distribution pattern
of single foci for certain SCs, especially the midlength
SCs 6, 9, and 12 (fig. 3), suggests that factors other than
interference may also play important roles in determin-
ing all crossover sites, irrespective of whether they are
singles or doubles (e.g., Petes 2001). As proposed by
others (see Jones 1984; Stack and Anderson 1986; Zick-
ler et al. 1992; Anderson et al. 1999), we suggest that
the distribution of MLH1 foci is also related to the
temporal order of synapsis, with the regions that syn-
apse first becoming preferred sites for crossovers.
MLH1 recombination maps provide an excellent op-
portunity to examine the various factors involved in
regulating recombination distribution. By probing mei-
otic preparations with BACs of known genetic and cy-
togenetic “addresses,” it will be possible to map regions
of hot and cold recombinational activity to pre-existing
genetic, physical (chromosomal), and DNA sequence
maps. The mapping of a large number of BACs will
anchor the maps and allow the identification of cyto-
logical as well as molecular parameters that influence
recombination. Areas of special interest include the in-
fluence of band types, their role in the differential com-
paction of meiotic chromosomes, and their relationship
(if any) to hot and cold regions of recombination. Here,
we have demonstrated the feasibility of this approach
in the mouse.
A major advantage of the approach of the present
study is its applicability to other species. MLH1 im-
munolocalization has been demonstrated in mammals
and birds (e.g., Barlow and Hulten 1998; Anderson et
al. 1999; Pigozzi 2001), and chromosome libraries are
now available for ∼20 mammalian species and for the
chicken (for review, see Wienberg et al. 2000). There-
fore, the combination of MLH1 detection and chro-
mosome painting should facilitate the generation of cy-
tological recombination maps for many important
model organisms, as well as for species for which genetic
mapping data are currently unavailable. More specifi-
cally for humans, significant advances have already been
made in mapping BACs on mitotic chromosomes (Ko-
renberg et al. 1999). Given the completion of the human
genome sequence, the availability of chromosome-spe-
cific FISH paints and genetically mapped BACs, and the
successful MLH1 localization in humans (Barlow and
Hulte´n 1998; Lynn et al. 2002), the complete integra-
tion of the human genome sequence with both mitotic
and meiotic chromosome structure is a reasonable goal
for the near future.
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